Objective: Isolated left ventricular noncompaction (ILVNC) is a rare cardiomyopathy characterized by a prominent trabecular meshwork and deep intertrabecular recesses. The present study aimed to examine right atrial (RA) volumes, volume-based functional properties and strains by three-dimensional speckle-tracking echocardiography (3DSTE) in ILVNC patients. Methods: The study group consisted of 13 patients with ILVNC (mean age: 54.6±14.1 years, six male) and 23 healthy age-and gender-matched volunteers (mean age: 50.4±12.4 years, 10 male), who served as normal controls. Complete two-dimensional Doppler echocardiography and 3DSTE were performed in all cases. Results: Increased systolic maximum (58.2±15.3 ml vs. 40.5±11.8 ml, p=0.0004) and diastolic pre-atrial contraction (39.6±16.1 ml vs. 28.2±9.2 ml, p=0.01) and minimum (46.2±17.5 ml vs. 34.6±11.6 ml, p=0.02) RA volumes were detected in ILVNC patients. Only total (18.6± 8.5 ml vs. 12.2±5.9 ml, p=0.01) and passive (12.0±13.3 vs. 5.9±3.7 ml, p=0.05) RA stroke volumes, representing features of RA reservoir and conduit phases, were increased in ILVNC; active RA stroke volume and all emptying fractions did not differ between ILVNC patients and matched controls. Moreover, global, mean segmental and regional peak strains and strains at atrial contraction showed no differences between ILVNC patients and controls. Conclusions: 3DSTE-derived volumetric analysis confirmed increased cyclic RA volumes in ILVNC. Only mild RA functional alterations were demonstrated in ILVNC.
Introduction
Isolated left ventricular noncompaction (ILVNC) is a rare cardiomyopathy characterized by a prominent trabecular meshwork and deep intertrabecular recesses. 1 ---3 The disorder seems to occur because of an arrest of the normal compaction process in myocardial development during the first trimester. The classic triad of ILVNC-related complications are heart failure, arrhythmias, and systemic embolic events. Although the usual site of involvement is the left ventricle (LV), the right ventricle (or both) are also affected in some cases. 4, 5 Due to atrioventricular interactions, left atrial (LA) function may show alterations, as has been demonstrated in ILVNC. 6 However, no clinical studies on right atrial (RA) function have been performed in series of patients with ILVNC. Therefore, the present study aimed to examine RA volumes, volume-based functional properties and strains by three-dimensional (3D) speckle-tracking echocardiography (STE) in ILVNC patients.
Methods

Study population
The study population consisted of 13 patients with ILVNC from the Cardiology Center of the University of Szeged, Hungary, and 23 age-and gender-matched healthy volunteers, who served as normal controls. All patients and controls were in sinus rhythm and all were examined by two-dimensional Doppler echocardiography and 3DSTE. The echocardiographic diagnostic criteria for ILVNC of Jenni et al. 1 were used:
(1) Segmental and excessive thickening of the LV wall with a two-layered structure, consisting of a thin, compacted epicardial layer and a thicker, noncompacted layer. The latter has a characteristic appearance with numerous prominent trabeculations (meshwork) and deep intertrabecular recesses. LV thickening is predominant in the apical, mid-lateral, and mid-inferior walls. (2) A noncompacted/compacted myocardial thickness ratio >2 measured at maximal thickness in end-systole in parasternal short-axis view. The present work is part of the Motion Analysis of the heart and Great vessels bY three-dimensionAl speckle-tRacking echocardiography in Pathological cases (MAGYAR-Path) Study ('Magyar' means 'Hungarian' in the Hungarian language), which aims to examine the diagnostic and prognostic significance of 3DSTE-derived parameters in specific disorders. The study protocol was approved by the institutional review board on biomedical research, and all patients and healthy subjects gave informed consent consistent with the protocol.
M-mode and two-dimensional Doppler echocardiography
A Toshiba Artida TM ultrasound system (Toshiba Medical Systems, Tokyo, Japan) with a PST-30SBP (1-5 MHz) phasedarray transducer was used for standard Doppler echocardiographic examinations. All echocardiographic studies were digitally recorded and evaluated by experts (AK, DP). Simpson's method was used to calculate LV ejection fraction, while LV and LA internal dimensions were measured by M-mode echocardiography. Tricuspid annular plane systolic excursion (TAPSE) and right ventricular fractional area change (RVFAC) were calculated to characterize RV function. Color Doppler echocardiography was used to visually quantify the degree of tricuspid and mitral regurgitation.
Three-dimensional speckle tracking echocardiography
A special matrix phased-array transducer (2.5 MHz PST-25SX; Toshiba Medical Systems, Tokyo, Japan) was used for the acquisition of 3D echocardiographic datasets in apical view. 6, 7 Six R-wave-triggered subvolumes were acquired during six consecutive cardiac cycles and one breathhold to form the pyramid-shaped 3D full volume including the RA. 3D Wall Motion Tracking software version 2.7 (Toshiba Medical Systems, Tokyo, Japan) was used for RA quantifications. Firstly, apical two-chamber (AP2CH) and four-chamber (AP4CH) views and three short-axis views at different levels of the RA at end-diastole were automatically selected from the full volume 3D dataset by the software. After finding optimal non-foreshortened views by optimizing long-axis views, the reader set markers on orthogonal AP2CH and AP4CH views. Firstly, the edge of the lateral wall-tricuspid annulus was traced, then markers were set in a counterclockwise rotation around the RA to the edge of the septum-tricuspid annulus. The RA appendage, caval veins and coronary sinus were excluded from the RA cavity during evaluations. Finally, the 3D endocardial surface of the RA was automatically reconstructed and tracked in 3D space throughout the entire cardiac cycle. The user could correct the shape of the RA if needed ( Figure 1 ). The same 3DSTE-derived methodology for detailed assessment of atrial function including volumetric and strain measurements applied initially for the LA was used during evaluations. 8 
Three-dimensional speckle tracking-derived volumetric measurements
The following RA volumetric data were calculated: endsystolic maximum RA volume (V max , before tricuspid valve opening); early diastolic RA volume before atrial contraction (V preA , at the time of the P wave on the ECG); and enddiastolic minimum RA volume (V min , before tricuspid valve closure). From RA cyclic volumetric data several parameters featuring all phases of LA function (reservoir, conduit and active contraction) were calculated (Table 1 ). 10
Three-dimensional speckle tracking-derived strain measurements
Using the same 3D dataset, similarly to other studies, several one-directional (longitudinal, LS; radial, RS; circumferential, CS) and complex (area strain: AS; 3D strain: 3DS) strain parameters were measured in each case. 10 Peak strains were calculated for the RA reservoir phase, while strains at atrial contraction were calculated for the RA booster pump phase. Global, mean segmental and regional strains were measured.
Statistical analysis
Results are expressed as mean ± standard deviation. Data were compared with the two-tailed Student's t test, chi-square analysis, and Fisher's exact test. Statistical significance was a p value <0.05. All calculations were performed with MedCalc software (MedCalc, Inc., Mariakerke, Belgium).
Results
Clinical and two-dimensional echocardiographic data
Clinical and two-dimensional echocardiographic features of ILVNC patients and of controls are presented in Table 2 . Significant (grade >2) mitral and tricuspid regurgitation was detected in four (31%) and two (15%) patients with ILVNC, respectively, but in none of the controls. LV dimensions were significantly increased in ILVNC, while LV ejection fraction was significantly reduced ( 
Three-dimensional speckle-tracking echocardiographic data
The mean volume rate was 27±3 Hz. Increased V max , V preA and V min were detected in ILVNC patients (Table 3 ). Only total (TASV) and passive (PASV) RA stroke volumes, representing features of the RA reservoir and conduit phases, were found to be increased in ILVNC; active RA stroke volume (AASV) and all emptying fractions did not differ between ILVNC patients and matched controls. Global, mean segmental and mean regional peak strains and strains at atrial contraction did not show significant differences between ILVNC patients and controls (Tables 4 -- 
Discussion
In recent studies it has been suggested that ILVNC could be part of a more widespread cardiomyopathy. 2 Significant alterations in LV and LA dimensions and functional properties have been demonstrated in ILVNC. 6,11---18 However, the degree of the functional involvement of the right heart needs to be clarified. It is also important to understand whether alterations are related directly to LV dysfunction, or whether other factors are in play. To the best of the authors' knowledge this is the first detailed analysis of RA morphology and function in ILVNC. Although RV involvement could not be confirmed in any of the cases, increased RA volumes and RA stroke volumes characterizing RA reservoir and conduit phases were detected in ILVNC patients. Neither RA emptying fractions nor RA strains showed differences between ILVNC patients and matched controls, suggesting only slight alterations in RA function. RA dysfunction was not confined to ILVNC patients with RV dysfunction, but was also seen in patients with normal RV function. At present little is known about myocardial mechanics in ILVNC, due to its rarity and the lack of large ILVNC registries. Modern echocardiographic methodologies including STE and/or 3D echocardiography have been demonstrated to be more useful for quantitative objective analysis of ventricular and atrial function than conventional techniques, including in ILVNC. 6,11---20 In a recent real-time 3D echocardiography (RT3DE) study, noncompacted and compacted LV segments had comparable increased 3D regional volumes and reduced systolic function. 11 In another study, all 3DSTEderived LV strains of segments in ILVNC patients were found to be significantly reduced, and this strain reduction was not confined to noncompacted segments, 12 with non-compacted segment-related RS and 3DS reductions more pronounced than in compacted segments. Ari et al. found that tissue Doppler imaging-and STE-derived myocardial deformation can be used for the detection of early myocardial dysfunction in patients with subclinical ILVNC whose LV function was classified as normal by conventional methods, with normal ejection and shortening fraction. 13 As well as the abovementioned alterations in quantitative features of LV wall motion abnormalities, LV 'rigid body rotation', the near absence of LV twist, was found to be a frequent phenomenon in ILVNC as well. 15, 16 Besides these LV studies, atrial morphology and function in ILVNC patients have been examined in very few studies. 6, 17, 18 Given the value of 3DSTE for volumetric and strain analysis of all atrial functions including systolic reservoir and diastolic conduit and booster pump phases simultaneously, a study was planned focusing on LA function at our center. 6 Increases in LA volumes and decreases in LA emptying fractions, together with reductions in all LA peak strains, suggested significant deterioration of all LA functions. 6 In another study increased LA ejection force, a characteristic of atrial contraction, was demonstrated in ILVNC in a 3DSTE study, 18 which suggested increased LA work to compensate for the dysfunctional LV.
Despite its technical limitations, 2D Doppler echocardiography is the standard method for assessing the RA in everyday clinical practice and magnetic resonance imaging is the current gold standard for RA visualization and volume quantification. 21 Real-time three-dimensional echocardiography (RT3DE) was introduced over a decade ago for non-invasive quantification of the heart chambers including the RA. 19, 20 In a recent publication, normal values of RT3DEderived RA volumes and volume-based functional properties were established. 20 To find the optimal RT3DE method for assessing RA volumes, another RT3DE study was performed in which multiple planes were used for volumetric quantifications. Four-plane measurement of RA volume using four equiangular planes showed good agreement with eight-plane measurement, while reducing the time required for analysis. However, compared to eight-plane analysis, biplane measurement of RA volume can result in underestimation of RA volume, particularly in abnormal subjects with RA enlargement and remodeling. 19 In the present study, RA function was characterized by the same 3DSTE methodology as demonstrated previously for the LA. 6,10 3DSTE was found to be feasible for estimation of RA function. 22, 23 In a recent work, significant alterations in LA volume-based and strain characteristics were demonstrated in ILVNC, as mentioned above. 6 By contrast, only TASV and PASV were found to be increased, suggesting mild RA functional alterations in this study. Although only a small number of ILVNC patients were examined, the impact of LV dysfunction due to the arrest of the LV compaction process on atrial function is demonstrated indirectly. Alterations in RA functional properties were present regardless of the presence or absence of RV dysfunction. Nevertheless, only ILVNC patients had tricuspid (and mitral) regurgitation, and thus the associated volume overload may have affected the results obtained. Moreover, LA-RA interactions should also be taken into consideration, since the functional properties of the atrial septum were also relevant to the findings. However, further studies are warranted with larger ILVNC patient populations to confirm our findings.
Limitations
The study has several limitations: -The RA appendage, coronary sinus and caval veins were excluded from assessments, as in other 3DSTE studies assessing the RA. 22, 23 This should be taken into consideration when interpreting the results. -Although there was the opportunity to assess the LV, RV and LA by 3DSTE, this was beyond the scope of this study. -Only a small number of ILVNC patients from a single tertiary center were examined. However, it should be borne in mind that ILVNC is a relatively rare disorder. Therefore, further multicenter 3DSTE studies with larger patient populations are warranted to confirm our findings. -There were important technical limitations, including low spatial and temporal resolution. 7 ---9 It is known that 3DSTE is currently subject to these technical limitations, and significant improvements in image resolution are required. -Finally, there is disagreement as to whether the atrial septum is a part of the LA or the RA. In the present study the septum was considered as a part of the virtual 3D cast of the RA.
Conclusions
3DSTE-derived volumetric analysis confirmed increased cyclic RA volumes in ILVNC. Only mild RA functional alterations were demonstrated in ILVNC.
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